Introduction
============

Phenolic compounds, a large family of natural compounds with phenolic hydroxyl groups, are present in plants, fruits, vegetables and teas, and have been demonstrated to exhibit anticancer properties. The potential application of these phenolic compounds in the development of therapeutic agents for cancer treatment has gained increasing importance in the previous decade and research in this field is currently expanding ([@b1-ol-09-03-1444]--[@b3-ol-09-03-1444]). For example, Link *et al* ([@b4-ol-09-03-1444]) reported that cancer chemoprevention using dietary phenolic compounds may be important in the control of gene expression, for example for inducing changes in DNA methylation, histone modifications and non-coding RNAs. Furthermore, Mahbub *et al* ([@b5-ol-09-03-1444]) proposed that phenolic compounds may be potential therapeutic agents for the treatment of leukemia by causing decreased cell viability and inducing cell apoptosis. Additionally, previous studies have indicated that phenolic compounds are possibly associated with a reduced risk of liver ([@b6-ol-09-03-1444]), lung ([@b7-ol-09-03-1444]), cervical ([@b8-ol-09-03-1444]) and colorectal cancer ([@b9-ol-09-03-1444]).

Ovarian cancer is the second most lethal gynecologic cancer amongst the female population in developed areas ([@b10-ol-09-03-1444]), with an estimated 22,240 new cases and 14,030 mortalities due to ovarian cancer in 2013 ([@b11-ol-09-03-1444]). While the five-year survival rate of ovarian cancer patients has improved following the development of more effective treatment strategies with optimized therapeutic agent treatment and more advanced surgical techniques, the overall cure rate has remained \~30% over the previous two decades ([@b12-ol-09-03-1444]). An additional challenge for improving the five-year survival rate of ovarian cancer is that only 20% of ovarian cancers are diagnosed prior to the occurrence of metastasis ([@b12-ol-09-03-1444]), as the symptoms do not typically present until after the cancer has metastasized from the ovaries to the surface of the peritoneal cavity. Once metastasis has occurred, treatment of ovarian cancer is difficult as the surgical removal of all of the lesions is no longer possible and chemotherapy is the only remaining first-line treatment strategy.

Although many female individuals may respond well to initial first-line treatment, relapse frequently occurs with chemotherapy-resistant disease, presenting a major obstacle in the attempt to improve the prognosis of ovarian cancer patients ([@b13-ol-09-03-1444]). Therefore, selecting novel chemicals from natural compounds as cancer therapeutic agents remains important for ovarian cancer research. In particular, the discovery of novel natural compounds that meet or exceed the effects of commonly used chemical agents or agents that may be administered in combination with cisplatin to overcome the resistance, are of great significance ([@b14-ol-09-03-1444]). Currently, platinum agents, such as cisplatin, are one of the most active anticancer agents used in clinical practice ([@b13-ol-09-03-1444]).

Traditional plant-based medicines are widely used in developing countries for their primary healthcare requirement ([@b15-ol-09-03-1444]). The European Prospective Investigation cohort study into cancer and nutrition demonstrated that consuming \>6.2 g per day of nuts and seeds appear to reduce a female individual's risk of developing colorectal cancer ([@b16-ol-09-03-1444]). In analyses of pecan extract from various cultivars, (+)-catechin hydrate, ellagic acid, (−)-epicatechin and gallic acid (GA) were identified to be the main phenolic compounds ([@b17-ol-09-03-1444],[@b18-ol-09-03-1444]). Furthermore, nobiletin, tangeretin, baicalein and baicalin were the predominant flavonoids identified in the common traditional Chinese medicines dried orange peel (citrus) and *Scutellaria*, respectively ([@b19-ol-09-03-1444],[@b20-ol-09-03-1444]). These eight non-toxic dietary phenolic compounds have previously demonstrated anticancer and chemopreventive properties in specific types of cancer; however, little research has been conducted into the chemopreventive effects of these eight phenolic compounds against ovarian cancer.

In the present study, the effect of eight dietary phenolic compounds on the cell proliferation and vascular endothelial growth factor (VEGF) protein expression levels in human ovarian cancer cells was investigated. The phenolic compounds investigated were (+)-catechin hydrate, ellagic acid, (−)-epicatechin, gallic acid, nobiletin, tangeretin, baicalein and baicalin, the names and structures of which are indicated in [Fig. 1](#f1-ol-09-03-1444){ref-type="fig"}. Cisplatin, a commonly used chemotherapeutic agent, was used as the positive control.

Materials and methods
=====================

Materials and cell culture
--------------------------

The eight phenolic compounds and cisplatin were obtained from Sigma-Aldrich (St. Louis, MO, USA). The compounds were dissolved in dimethyl sulfoxide (DMSO) to produce stock solutions of 100 mM, and these stock solutions were subsequently diluted to 20 or 40 μM with cell culture medium prior to use. An equal amount of DMSO was included in the control solutions for every experiment. The two ovarian cancer cell lines OVCAR-3 and A2780/CP70 were provided by Dr Bing Hua Jiang at West Virginia University (Morgantown, WV, USA) and were maintained in RPMI-1640 medium (Sigma-Aldrich) supplemented with 10% fetal bovine serum (Invitrogen Life Technologies, Grand Island, NY, USA) in a cell culture incubator at 5% CO~2~ and a temperature of 37°C.

Cell viability assay
--------------------

To determine cell viability, the two cell lines were seeded in 96-well plates at a density of 1×10^4^ cells per well, and allowed to attach to the substrate and grown to log phase overnight. Following incubation at 37°C, the culture medium was removed and incubated with each of the nine compounds at a concentration of 20 or 40 μM in RPMI-1640 medium for 24 h. Each experiment was performed in triplicate. Following treatment, the cells were washed twice with phosphate-buffered saline (PBS; Invitrogen Life Technologies) and introduced with 100 μl freshly prepared CellTiter 96^®^ AQueous One solution (containing MTS, a tetrazolium compound; Promega Corporation, Madison, WI, USA) and 80 μl PBS. The cells were incubated for 1 h and the optical density values were measured at an absorbance of 490 nm using an ELISA plate reader (BioTek Instruments, Inc., Winooske, VT, USA). Cell viability was expressed as a percentage of the control.

VEGF protein quantification
---------------------------

The effects of the nine compounds on VEGF protein secretion were analyzed by performing an ELISA with a Quantikine Human VEGF immunoassay kit (R&D Systems, Inc., Minneapolis, MN, USA), targeting VEGF165 in the cell culture supernatant. Cells (6×10^5^) from the two cell lines were seeded in 60-mm cell culture dishes and allowed to attach to the substrate and grow for 16 h prior to treatment with 40 μM of each compound or without, which served as a control, for an additional 24 h. The culture supernatants were collected for the VEGF assay and the inhibition of VEGF protein secretion was expressed as a percentage of the control.

Western blot analysis
---------------------

OVCAR-3 cancer cells were seeded and incubated overnight prior to treatment with 0, 5, 10 and 20 μM GA. The cells were double-washed with cold PBS, harvested with M-PER^®^ Mammalian Protein Extraction Reagent supplemented with Halt™ protease and phosphatase inhibitor cocktail, and the total protein expression levels were assayed using a bicinchoninic acid protein assay kit (Pierce Biotechnology, Inc., Rockford, IL, USA). The cell lysates (50 μg total protein) were separated by performing SDS-PAGE and blotted onto a nitrocellulose membrane using the Mini-PROTEAN 3 system (Bio-Rad Laboratories, Hercules, CA, USA). For immunodetection, mouse anti-human monoclonal HIF-1α (cat. no. 610959; dilution 1:500; BD Biosciences, Franklin Lakes, NJ, USA) and mouse anti-human monoclonal GAPDH antibodies (cat. no. sc-47724; dilution 1:500; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) were applied and the signals were visualized by phycoerythrin-conjugated goat anti-mouse IgG polyclonal secondary antibody (cat. no. 32230; dilution 1:2500; Pierce Biotechnology, Inc.) and Supersignal West Pico Chemiluminescent substrate application, followed by the utlilization of X-ray films (Pierce Biotechnology, Inc.). The protein bands were quantified using National Institutes of Health ImageJ software version 1.46 (Bethesda, MD, USA) and normalized by GAPDH bands for subsequent analysis.

Statistical analysis
--------------------

One-way and two-way analysis of variance (ANOVA) followed by Student-Newman-Keuls tests were applied to compare the effects of the nine compounds on cell viability and VEGF protein expression levels. All statistical analyses were performed using SAS software (SAS Institute, Inc., Cary, NC, USA). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

Comparison of the effects of various natural compounds on cell viability in OVCAR-3 ovarian cancer cells
--------------------------------------------------------------------------------------------------------

The 24-h treatment of OVCAR-3 cells with 20 and 40 μM of the nine different compounds resulted in various effects on OVCAR-3 cancer cell proliferation. As indicated in [Fig. 2](#f2-ol-09-03-1444){ref-type="fig"}, (−)-epicatechin, (+)-catechin hydrate and ellagic acid caused no significant inhibition of OVCAR-3 cell proliferation; at 20 μM the cell viability ranged from 118.0±1.2 to 121.7±1.6% and at 40 μM from 119.7±2.8 to 127.0±3.8%. By contrast, GA was identified to exhibit the lowest cell viability value among all of the phenolic compounds, demonstrating an inhibitory effect similar to that of cisplatin at 40 μM. These results indicate that GA may have chemotherapeutic potential against ovarian cancer. Baicalin, baicalein, nobiletin and tangeretin exhibited a moderate inhibitory effect on cell proliferation between the levels of 72.2 and 88.8% at 20 μM and between 23.8 and 76.9% at 40 μM concentrations. According to the mean values of the two-way ANOVA results from the 20- and 40-μM treatments ([Table I](#tI-ol-09-03-1444){ref-type="table"}), the rank order of cell viability inhibition in OVCAR-3 cancer cells was as follows: Cisplatin \> GA, baicalein \> baicalin, nobiletin, tangeretin \> ellagic acid, (+)-catechin hydrate and (−)-epicatechin (P\<0.05).

Comparison of the effects of natural compounds on cell viability in A2780/CP70 ovarian cancer cells
---------------------------------------------------------------------------------------------------

The results of the cell viability assay indicated that the nine different compounds at the two stated concentrations exhibited varied effects on viability of ovarian cancer A2780/CP70 cells ([Fig. 3](#f3-ol-09-03-1444){ref-type="fig"}). All of the phenolic compounds demonstrated inhibitory effects on the A2780/CP70 cells, with a cell viability range of 15.30±3.01 to 88.83±3.55% at 40 μM. This inhibitory mechanism of phenolic compounds may be due to their antioxidant activity, which would affect the cellular redox state of the cancer cells ([@b21-ol-09-03-1444]). All of the cell viability values of the investigated phenolic compounds were smaller than the values of cisplatin at 20 and 40 μM (P\<0.05). Compared with the other phenolic compounds, GA and baicalein exhibited the greatest inhibitory effects at 40 μM (P\<0.05); however, ellagic acid, baicalin, (−)-epicatechin and (+)-catechin hydrate were identified to have a smaller inhibitory effect on cell viability at 20 and 40 μM. The mean values of the two-way ANOVA analysis results from the 20- and 40-μM treatments indicated that the rank order of A2780/CP70 cell viability inhibition was as follows: Cisplatin \> baicalein \> GA ≥ nobiletin, tangeretin ≥ ellagic acid, baicalin, (−)-epicatechin ≥ (+)-catechin hydrate (P\<0.05) ([Table II](#tII-ol-09-03-1444){ref-type="table"}).

Comparison of the effects of natural compound on VEGF protein expression levels in the two ovarian cancer cell lines
--------------------------------------------------------------------------------------------------------------------

The suppressive effects of each compound were measured by treating each cell line with 40 μM compounds for 24 h. In the OVCAR-3 cell line, baicalein, GA, nobiletin, tangeretin and baicalin all exhibited a moderate level of VEGF expression inhibition, similar to that of cisplatin, ranging from 52.4±14.5 to 72.4±7.3% ([Fig. 4](#f4-ol-09-03-1444){ref-type="fig"}). As with the inhibitory effect on OVCAR-3 cancer cells ([Fig. 5](#f5-ol-09-03-1444){ref-type="fig"}), GA, tangeretin, nobiletin, baicalein and baicalin were all identified to exhibit a moderate level of VEGF expression inhibition, ranging from 41.0±15.4 to 74.5±5.1%.

Effect of GA on HIF-1α protein expression levels in OVCAR-3 cancer cells
------------------------------------------------------------------------

GA, a type of phenolic acid, is present in a number of plant sources, such as the gall nut, sumac, witch hazel and various types of tea ([@b22-ol-09-03-1444]). Its anticancer activity has previously been reported in human glioma cells ([@b22-ol-09-03-1444]), as well as prostate ([@b23-ol-09-03-1444]), lung ([@b24-ol-09-03-1444]), gastric, colon, breast, cervical and esophageal cancer ([@b25-ol-09-03-1444],[@b26-ol-09-03-1444]); however, the specific effect of GA on human ovarian cancer cells has not previously been reported. The present study demonstrated that GA markedly inhibits the proliferation of OVCAR-3 cells and significantly suppresses VEGF protein expression (P\<0.05).

The transcription factor HIF-1α has previously been reported to directly activate VEGF expression ([@b27-ol-09-03-1444]); therefore, the present study investigated the effect of GA on HIF-1α expression. In the OVCAR-3 cancer cell line, the protein expression levels of HIF-1α were significantly decreased (P\<0.05) upon the administration of higher concentrations of GA ([Fig. 6](#f6-ol-09-03-1444){ref-type="fig"}). At 20 μM GA, the protein expression levels of HIF-1α were 24.07% of the control, indicating that GA may effectively decrease the protein expression levels of HIF-1α in OVCAR-3 cells.

Discussion
==========

The results of the present study demonstrated that many of the compounds screened exhibit inhibitory effects on OVCAR-3 and A2780/CP70 ovarian cancer cell lines. It was identified that GA had the greatest inhibitory effect on OVCAR-3 cell viability, compared with all of the phenolic compounds investigated, with a similar viability to that of cisplatin at concentrations of 40 μM. Furthermore, the bioavailability of GA is high compared with the other polyphenols investigated ([@b28-ol-09-03-1444]), thus, GA is a potential agent for the prevention and treatment of human ovarian cancer. To the best of our knowledge, this is the first report to be conducted investigating the inhibitory effects of GA on ovarian cancer cells.

In the present study, all of the phenolic compounds investigated demonstrated similar levels of proliferative inhibition in the OVCAR-3 and A2780/CP70 cell lines, excluding GA. The cell viability of A2780/CP70 cells treated with 40 μM GA was markedly greater compared with the OVCAR-3 cells (P=0.014), which may indicate that the A2780/CP70 cells have reduced functional DNA mismatch repair, resulting in a decreased inhibitory effect of GA on ovarian cancer cells ([@b29-ol-09-03-1444]).

Baicalein, nobiletin, tangeretin, baicalin, (−)-epicatechin and (+)-catechin hydrate belong to a group of compounds called flavonoids, a subclass of polyphenols. These polyphenols all have a C6-C3-C6 structure with two benzene rings (A and B rings). The results of the present study indicated that the inhibitory effect of flavones (baicalein, nobiletin, tangeretin and baicalin) on OVCAR-3 and A2780/CP70 cancer cell lines was greater than that of flavanonols \[(−)-epicatechin, (+)-catechin hydrate\]. Of the flavones investigated, baicalein exhibited the greatest inhibitory effect, possibly due to baicalein containing a greater number of hydroxyls on the A ring compared with other flavones.

Typically, the majority of tumors grow to 1--2 mm, as they lack blood vessels which provide oxygen and the essential nutrients that are required for growth ([@b30-ol-09-03-1444]). Angiogenesis is a key process required for the delivery of nutrients and oxygen to the tumor nodule to allow the transition of a tumor from the dormant to malignant state. VEGF is a common growth factor that induces blood vessel growth in numerous types of cancer ([@b31-ol-09-03-1444]). Therefore, the identification of compounds capable of inhibiting VEGF secretion would be useful in preventing cancer growth. GA, tangeretin, nobiletin, baicalein and baicalin were identified to exhibit a moderate level of inhibition on the protein expression levels of VEGF, compared with the VEGF expression levels following ellagic acid, (+)-catechin hydrate and (−)-epicatechin treatment. These results may indicate that the inhibitory effect of flavones on OVCAR-3 and A2780/CP70 cancer cell lines is greater than the inhibitory effect of flavanonols.

Subsequent investigation identified that the protein expression levels of HIF-1α were dramatically decreased in OVCAR-3 cells from 100% (control) to 24.07% at 20 μM GA. OVCAR-3 cells were used as opposed to A2780/CP70 cells, as they exhibited lower resistance to GA. The results indicated that GA inhibits VEGF expression via the down-regulation of HIF-1α expression. In agreement with this hypothesis, previous studies have indicated that the inhibition of HIF-1α may be important in cancer therapy ([@b32-ol-09-03-1444],[@b33-ol-09-03-1444]).

In conclusion, the results of this study indicate that GA exhibits an anti-angiogenic effect on ovarian cancer cells and thus, may be applied for use in human ovarian cancer prevention and therapy. However, future studies are required to explore the molecular mechanisms underlying GA's anti-angiogenic effects.
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###### 

Effect of different compounds on OVCAR-3 cell viability.

                         Cell viability, %                    
  ---------------------- ------------------- ---------------- -----------
  (−)-epicatechin        118.00±1.15^a^      127.01±3.79^a^   122.50^a^
  (+)-catechin hydrate   119.67±1.33^a^      123.33±1.20^a^   121.50^a^
  Ellagic acid           121.67±1.45^a^      119.67±2.85^a^   120.67^a^
  Tangeretin             88.80±1.54^b^       76.90±2.29^b^    82.85^b^
  Nobiletin              79.93±4.75^b,c^     71.47±5.81^b^    75.70^b^
  Baicalin               88.13±2.56^b^       53.37±5.98^c^    70.75^b^
  Baicalein              72.20±5.34^c,d^     23.80±4.40^d^    48.00^c^
  Gallic acid            64.53±6.72^d^       2.43±0.34^e^     33.48^c^
  Cisplatin              19.77±1.52^e^       6.02±0.37^e^     12.89^d^

Data are presented as the mean ± standard error of the mean from three independent experiment. Values marked with different letters are significantly different (at P\<0.05) when compared with each other.

###### 

Effect of different compounds on A2780/CP70 cell viability.

                         Cell viability, %                   
  ---------------------- ------------------- --------------- ------------
  (+)-catechin hydrate   103.0±1.53^a^       88.83±3.55^a^   95.92^a^
  (−)-epicatechin        102.8±3.03^a^       73.37±5.76^b^   88.1^a,b^
  Baicalin               94.87±1.25^a^       70.43±5.31^b^   82.65^a,b^
  Ellagic acid           96.90±2.11^a^       64.43±2.38^b^   80.67^a,b^
  Tangeretin             86.33±3.46^a,b^     62.07±8.38^b^   74.2^b,c^
  Nobiletin              80.27±2.48^a,b^     63.08±4.10^b^   71.68^b,c^
  Gallic acid            82.03±10.66^a,b^    41.20±9.24^c^   61.62^c^
  Baicalein              64.97±7.40^b^       15.30±3.01^d^   40.13^d^
  Cisplatin              25.34±10.76^c^      1.92±0.54^d^    13.63^e^

Data are presented as the mean ± standard error of the mean from three independent experiment. Values marked with different letters are significantly different (at P\<0.05) when compared with each other.
